Abstract: Methanol mass poisoning is a global problem with high fatality rates and often severe sequelae in survivors. Patients typically present late to the hospital with severe metabolic acidosis followed by a rapid deterioration in their clinical status. The hypothesis 'Circulus hypoxicus' describes the metabolic acidosis following methanol poisoning as a self-enhancing hypoxic circle responsible for methanol toxicity. We wanted to test the validity of this hypothesis by an observational study based on 35 patients from the methanol outbreaks in Norway (2004) and the Czech Republic (2012). Comprehensive laboratory values, including S(serum)-methanol, S-formate, S-lactate, arterial blood gases, anion and osmolal gaps, were used in the calculations. Laboratory values and calculated gaps were compared to each other using linear regression. S-lactate and S-formate correlated better with the increased base deficit and anion gap than did S-formate alone. Base deficit rose to about 20 mmol/L and S-formate rose to 12 mmol/L prior to a significant rise in S-lactate -most likely caused by formate inhibition of mitochondrial respiration (type B lactacidosis). The further rise in S-lactate was not linear to S-formate most likely due to the self-enhancing pathophysiology, but may also be associated with hypotension in critically ill patients and variable ethanol drinking habits. Our study suggests that the primary metabolic acidosis leads to a secondary lactic acidosis mainly due to the toxic effects of formate. The following decline in pH will further increase this toxicity. As such, a vicious and self-enhancing acidotic circle may explain the pathophysiology in methanol poisoning, namely the 'Circulus hypoxicus'.
Methanol is a highly toxic alcohol used in household products, industry and production of illegal spirit drinks. Ingestion can occur intentionally or accidentally due to its resembling appearance to ethanol. Mass methanol outbreaks usually result from distribution of illegally produced spirit drinks where methanol has been added for profit purposes [1, 2] . There have been numerous outbreaks in recent years, with the highest frequency in developing countries. Outbreaks with several hundred victims have been reported, some with over 60% fatalities [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . With the most recent outbreaks in Libya 2013 and Kenya 2014, Doctors without Borders/M edecins Sans Fronti eres (MSF) evaluated the global problem of methanol poisoning [9] , as also emphasized in recent publications [13, 14] .
Early identification and correct diagnosis are crucial in patients with methanol poisoning as effective treatment with alkali, antidotes and dialysis is available [2, 15] . Many patients are unaware of their poisoning and will therefore not present to the hospital until symptomatic, and often with a profound metabolic acidosis [4, [15] [16] [17] . Clinical features, including hyperventilation, headache, gastrointestinal complaints and visual disturbances, will not appear before a sufficient amount of methanol has been bio-transformed to formic acid, which is the toxic metabolite. The metabolic acidosis is mainly caused by protons from formic acid [18] . In later stages, however, lactic acid may also contribute to the acidosis [1, 2, 18] . The anion formate is also toxic itself by inhibition of mitochondrial respiration leading to type B lactacidosis [19, 20] which is not associated with hypotension or ischaemia [21, 22] . If treatment is not initiated at this stage, coma, multiorgan failure and death may ensue. Patients who survive may have CNS sequelae and/or suffer permanent visual impairment [1, 2, [23] [24] [25] .
The severity of the outcome makes acquiring further knowledge on exacerbating factors important. Following the Norwegian methanol outbreak in 1979, a hypothesis was proposed to explain the rapid deterioration seen in late stages of this poisoning. The hypothesis of 'Circulus hypoxicus' describes the metabolic acidosis as self-enhancing, as both formate and lactate will increase each other's toxicity [21] , see fig. 1 . Since then, the hypothesis has been discussed in studies on methanol mass poisonings in 2004 and 2012 [4, 16] , without challenging its validity. The aim of this study was therefore to test the validity and usefulness of this proposed mechanism to explain the toxicity of methanol in patients we have previously cared for, and where sufficient data were available to perform such a study.
Materials and Methods
The study design was an observational study based on a patient population from methanol mass poisonings where simultaneous methanol, formate and lactate results were available on admission. It included 35 patients, 10 from a methanol outbreak in Norway in [2002] [2003] [2004] , and 25 were from a methanol mass poisoning in the Czech Republic in 2012 [4, 5] . All patients were hospitalized due to either recent ingestion of a confirmed methanol source, a clinical suspicion due to a history of recent ingestion of illicit spirits, and/or symptoms of methanol poisoning [16, 26] . The diagnosis was confirmed with detection of methanol in serum (S-methanol) and formate in serum (S-formate). Calculation of anion and osmolal gaps were done using standard formulas [17] . Reference values are 5-21 mmol/L and 9-19 mOsm/ kgH 2 O, respectively [17] . In the calculations of the osmolal gap, any contribution from ethanol due to concomitant drinking was subtracted [16, 26] . Patients were divided into three groups based on the outcome and compared to median values of pH, base deficit, pCO 2 , S-formate and lactate in serum (S-lactate) (see table 1 ). Two patients (female 48 years and male 69 years) were excluded from the regression analysis, but their data are still shown in the various correlation diagrams. These patients are assumed to have been treated with sodium bicarbonate prior to the blood sampling, and their values may thus not be representative.
On admission, arterial blood gases and venous blood samples were collected from all patients. Formate was measured enzymatically with a Hitachi analyser (Hitachi 912; Hitachi Science Systems Ltd., Tokyo, Japan) in the Czech Republic, using formate dehydrogenase (Roche, Meyland, France) and nicotinamide adenine dinucleotide (NAD) (Roche) [16] . The Norwegian samples were analysed with a Cobas Mira analyser (Roche Diagnostics, Basel, Switzerland), using formate dehydrogenase (Roche) and nicotinamide adenine dinucleotide (Sigma, St. Louis, MO, USA) [26] . In both the Czech Republic and Norway, a pure sodium formate (Sigma-Aldrich, Saint Louis, IL, USA, and Merck, Darmstadt, Germany, respectively) was used to prepare a standard of 1.1 mmol/L (4.6 mg/dL) phosphate buffer and two control sera. The day-to-day coefficient of variation was 5.6% for the former and 5% for the latter. The upper reference limit was 0.4 mmol/L (2 mg/ dL) [16, 26] .
Methanol in serum was measured by gas chromatography. The Czech hospital used flame ionization detection and a direct injection with an internal standard (Gas Cromatograph Chrom 5, Laboratory Instruments, Prague, Czech Republic) [16] . The Norwegian hospital used a headspace injector (Fisons CG 8000; Carlos Erba Instruments, Rodano, Italy) [26] . The limit of detection was 1.9 mmol/L (6 mg/dL) and day-to-day coefficient variation 2.5-5.4%, and 1.3 mmol/L (4 mg/ dL), and day-to-day coefficient variation 5%, respectively. Calibrators and controls were made by dilution of methanol (Penta, Prague, Czech Fig. 1 . Circulus hypoxicus. Formic acid leads to the early stages of acidosis. Both formic acid and formate, the anion derived from formic acid, inhibit mitochondrial respiration leading to lactic acidosis (type B). Increasing S-lactate will add to the metabolic academia and ultimately intensify the toxicity of formate as pH is lowered and more formate is protonated and thus more able to penetrate the cell membrane, the inner mitochondrial membrane, and the blood-brain barrier causing sequelae or death. Modified from [21] .
Republic and Merck). Osmolality was measured by freezing point depression method on a Fiske one-ten osmometer [16, 26] .
Statistical analysis was performed using Microsoft Excel software (version 15.41, Office 365, licensed by University of Oslo) and SPSS software (version 25.0; IBM Corp, licensed by University of Oslo). Variables are expressed as medians and ranges as appropriate. Logistic regression analyses were used to investigate the correlation between base deficit, anion gap, osmolal gap, S-methanol, S-formate and S-lactate. All values are presented in mmol/L (mg/dL), except osmolal gap which is presented in mOsm/kgH 2 O and pCO 2 which is presented in kPa. Values for blood pH, base deficit, pCO 2 and S-formate were normally distributed. S-lactate and S-methanol had to be converted to a logarithmic scale to fulfil the same. A statistical hypothesis test was used to test for significance between the three groups. p < 0.05 were considered to be significant.
As data from all patients have been published before in a different setting [4, 5] , no further ethical approval was necessary. All data were treated and saved anonymously.
Results
Patient characteristics are summarized in table 2.
The elevated base deficit in this patient material can be explained mainly by the presence of two acids, formic acid and lactic acid. Linear regression showed a correlation (R 2 = 0.85) between base deficit and S-formate and S-lactate 4B ), only base deficit values ≥20 mmol/L were associated with S-lactate levels >5 mmol/L (45 mg/dL). The shape of the curve indicates that the rise in S-lactate followed the initial rise in S-formate. Further, S-formate levels exceeding 12 mmol/L (55 mg/dL) were also associated with increasing S-lactate levels ( fig. 5 ). However, this rise in S-lactate was not linear with the rise in S-formate, but became increasingly more prominent as S-formate concentrations increased, which may reflect a rapid deterioration ( fig. 1 ). S-methanol values correlated well with the increase in the calculated osmolal gaps (R 2 = 0.78; fig. 6 ).
Discussion
In our patient population, a S-formate of >12 mmol/L (55 mg/dL) and a base deficit ≥20 mmol/L (≥20 mEq) were associated with S-lactate rising out of range, indicating this to be the stage where formate inhibition of mitochondrial respiration becomes significant and lactacidosis develops. From this stage, which should be regarded as an approximation rather than a strict cut-off, S-lactate seems to increase more rapidly than S-formate, which supports the theory of the self-enhancing toxicity described in 'Circulus hypoxicus' ( fig. 1 ). Unfavourable outcome was associated with a more severe metabolic acidosis, higher levels of pCO 2 (less hyperventilation) in spite of metabolic acidosis, and higher levels of S-lactate (increasing cellular hypoxaemia; table 1). In early stages of methanol poisoning, the good correlation between S-formate and base deficit ≤20 mmol/L indicates a small or non-existing contribution from other acids than formic acid ( fig. 4A ). There is an almost 1:1 correlation between base deficit and S-formate (k = 0.969) and base deficit is within the reference range when S-formate is zero (x = 0, y = 1.519). Also, in figs 3A and 6, it can be seen that the y-parameter is within the reference range when x = 0, supporting the validity of the present data. In more advanced stages, the production of lactic acid plays a significant role in the acidosis, illustrated by the good correlation between base deficit and S-lactate + S-formate ( fig. 2A ), compared to S-formate alone ( fig. 2B ). Equivalent to the findings regarding base deficit, the anion gap correlation with S-formate + S-lactate ( fig. 3A) is also better than the correlation with S-formate only ( fig. 3B ). This improved correlation between anion gap and S-lactate + S-formate compared to S-formate alone was also demonstrated by Hovda et al. in 2005 [26] . Zakharov et al. [16] described similar findings in their study from 2015, where the severity of the metabolic acidosis was better characterized by Slactate + S-formate, then by S-formate alone. This indicates lactate as an important contributor to the change in anion composition in later stages of poisoning. In theory, one could expect S-lactate + S-formate to be equal to base deficit, with a perfect correlation between these parameters. However, in critically ill patients, an increased production of keto acids must also be anticipated with an additional rise in base deficit [27] . In our patient material, keto acids were not measured, and the suspected cofactor could not be verified.
The increasing production of lactic acid in the later stages of methanol poisoning is most probably a result of inhibition of mitochondrial respiration by formate combined with a declining pH [19, 20] . We found that only when base deficit reached 20 mmol/L, S-lactate rose out of normal range ( fig. 4B ). This suggests base deficit of up to about 20 mmol/L to be the area for the primary metabolic acidosis, with a secondary development of a lactic acidosis at higher base deficit values, also consistent with the poorer prognosis in this group. As seen from table 1, however, there is a large overlap and variation in S-lactate levels between the three groups, indicating that also other factors, including individual differences, may play a role (see later). Formic acid has a pKa of 3.8, meaning that a pH drop of 0.3 will lead to a significant shift in the equilibrium between formate and formic acid, leading to a doubling of formic acid and thereby a substantial increase in toxicity. This is partly because of the easier diffusion of the non-ionic formic acid through the cell membranes, and especially the inner mitochondrial membrane [2] . The increased inhibition of mitochondrial respiration with decreased pH is also described in an epidemiological study by Zakharov et al. in 2014 [5] .
As shown, we found that S-formate levels above 12 mmol/ L (55 mg/dL) were necessary to induce moderate S-lactate rising [>5 mmol/L (45 mg/dL)]. Previous studies have indicated that symptomatic patients had S-formate levels >10 mmol/L (46 mg/dL), with the severity of symptoms accelerating as Slactate levels began to rise [16, 26] . The threshold for a toxic S-formate has not been distinguished as it is likely dependent on the degree of acidosis, but it can be anticipated that clinical features would appear and increase as lactate and formate start to enhance each other's toxicity. The further rise in S-lactate was not linear to the rise in S-formate, most likely due to the self-enhancing pathophysiology. Other contributing factors to the rapid accumulation of lactate may be compromised circulation in the critically ill patient (type A lactic acidosis), thiamine deficiency (especially in heavy drinkers), use of catecholamines in the critically ill patients (not the case in our patients as these were all admission parameters) and other disturbances of the intracellular pyruvate/lactate ratio [21, 28] .
As 'Circulus hypoxicus' suggests, the secondary rise in lactate will augment the metabolic acidosis and ultimately lead to a deterioration in the patient's condition. We found that unfavourable outcome was associated with a more severe metabolic acidosis with lower pH values and higher base deficits. The patients who died also had a lower ability to hyperventilate when acidotic than the patients who survived. These findings are consistent with other larger patient materials demonstrating that the three most important predicting factors for fatal outcome in methanol poisoning are severity of acidosis, ability to hyperventilate in order to compensate the metabolic acidosis, and presence of coma, with severity of acidosis being the most important [3] [4] [5] 29] . In our patient material, patients who survived with sequela had higher S-formate than the patients who survived without sequela, and the fatal cases had significantly higher S-lactate than the survivors. These findings are supported by Zakharov et al., [16] where the probability of a poor outcome (death or survival with sequelae) was higher than 90% in the patients with a S-formate concentration of at least 17.5 mmol/L (80 mg/dL), S-lactate concentration of at least 7.0 mmol/L (63 mg/dL) and/or an arterial blood pH lower than 6.87. The study by Paasma et al. showed that in spite of increasing lactate being associated with a poorer outcome, S-lactate cannot be seen as an independent prognostic factor -as its significance ceases when corrected for the most important factors (pH, coma and lack of hyperventilation in spite of metabolic acidosis) [5] .
Methanol, like other alcohols, increases the osmolal gap, and a good correlation between S-methanol and calculated osmolal gaps was thus expected. Previous studies have found that S-methanol and osmolal gap are closely connected, with osmolal gap being a good parameter to support a diagnosis of methanol poisoning [17, 26] , and also support duration of treatment [30] . Note that although useful as a diagnostic parameter, the correlation seems to be best for values of methanol below 100 mmol/L (320 mg/dL). This is most probably related to laboratory inaccuracies in general at very high values of many parameters [17] .
Strengths and Limitations
The limitations of this study can be attributed to the fact that the data have been collected from two different mass poisoning outbreaks, in two different countries. There may be individual differences in methanol and formate metabolism, methanol sources, time frames and treatments, making some aberrations inevitable. Nevertheless, our study supports the hypothesis of 'Circulus hypoxicus' because the clinical picture seems to coincide with the proposed pathophysiology. Good data from mass methanol poisonings are often difficult to gather as many of the larger outbreaks occur in developing countries with minimal laboratory investigations and limited data-collecting resources, and most of these poisonings never even reach a diagnosis. These factors indicate that many of the referred studies are based on the few patient materials where substantial data have been collected. Nevertheless, this study has to date the largest number of subjects evaluated with both S-formate and S-lactate levels on admission combined with patient outcome. These factors have been compared and interpreted in a new way, testing the clinical significance of a proposed hypothesis. In future outbreaks, the relevance of the lactate/pyruvate ratio and the possible role of keto acids should also be studied.
Conclusion
In methanol poisonings, S-formate concentrations above 12 mmol/L (55 mg/dL) and base deficit values above 20 mmol/L were associated with increasing S-lactate. The fact that the rise in S-lactate was not linear with the rise in S-formate supports the theory of the self-enhancing toxicity described in 'Circulus hypoxicus', but also indicates that other factors than inhibition of mitochondrial respiration may have a role in the development of lactacidosis.
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